We investigated the involvement of rare (<1%) copy number variants (CNVs) in 471 cases of schizophrenia and 2792 controls that had been genotyped using the Affymetrix GeneChipw 500K Mapping Array. Large CNVs >1 Mb were 2.26 times more common in cases (P 5 0.00027), with the effect coming mostly from deletions (odds ratio, OR 5 4.53, P 5 0.00013) although duplications were also more common (OR 5 1.71, P 5 0.04). Two large deletions were found in two cases each, but in no controls: a deletion at 22q11.2 known to be a susceptibility factor for schizophrenia and a deletion on 17p12, at 14.0 -15.4 Mb. The latter is known to cause hereditary neuropathy with liability to pressure palsies. The same deletion was found in 6 of 4618 (0.13%) cases and 6 of 36 092 (0.017%) controls in the re-analysed data of two recent large CNV studies of schizophrenia (OR 5 7.82, P 5 0.001), with the combined significance level for all three studies achieving P 5 5 3 10
INTRODUCTION
Schizophrenia (SZ, MIM 181500) is a chronic mental disorder with a lifetime risk of 1% and a strong genetic component, indicated by heritability estimates of up to 85% and a 10-fold elevated recurrence risk in first-degree relatives (1) . The best-established molecular genetic finding in schizophrenia is association with the 22q11.2 deletion syndrome, with 20-30% of adult carriers of this copy number variant (CNV) having schizophrenia (2) . Reciprocally, the 22q11.2 deletion is found in 0.2-0.6% of patients with schizophrenia, a rate significantly higher than in the general population (3) (4) (5) . Recently, a number of studies have shown that other rare CNVs contribute to schizophrenia (4) (5) (6) (7) (8) , with the two largest studies (4, 5) being adequately powered to identify two specific CNVs that are significantly associated with risk: deletions at 1q21.1 and 15q13.3.
CNVs have also been confirmed to be pathogenic in other neurodevelopmental disorders, most notably in autism, where an increase in the rate of de novo CNVs was established (9) and several recurrent CNVs were shown to increase risk (10 -13) .
In this study, we sought to identify novel schizophrenia risk CNVs in a sample of 520 patients with schizophrenia or schizoaffective disorder and in the 2998 controls used in the Wellcome Trust Case Control Consortium (WTCCC) study (14) . We used Affymetrix 250K NspI and StyI arrays that provide signal intensity data on 500 000 single-nucleotide polymorphisms (SNPs). To reduce the false-positive discovery rate, we restricted the analysis to CNVs of .100 kb size, which were independently verified on both arrays with at least 10 SNPs on each array (see Methods) , and validated all relevant CNVs with a second platform: Agilent 4Â44K arrays. †The full list of contributors in these consortia is presented in the Supplementary Material. 
RESULTS
Of the 520 patients and 2998 controls that had been analysed with Affymetrix microarrays, 471 cases and 2792 controls survived our filtering for high interquartile of the log2ratio (IQR) and for being outliers for high numbers of CNVs, that are likely to be false-positives (see Materials and Methods).
The overall CNV rate per person was similar in cases (1.73 CNVs) and controls (1.76 CNVs), of which 0.56 CNVs/case and 0.60 CNVs/control were deletions. In keeping with previous studies (4), we filtered out common CNVs (defined as present in .1% in the sample) including CNVs that overlapped .50% of their length with those CNVs. This was achieved using PLINK (15) . The list of CNVs meeting these criteria is available in the Supplementary Material, which can be uploaded to UCSC as 'custom tracks' and visualized against the annotated genome in Build 36 (hg18).
In Table 1 , we present the numbers of rare CNVs in cases and controls, stratified by size. Only very large CNVs .1 Mb in size showed a significant excess in cases (odds ratio, OR ¼ 2.26, P ¼ 0.00027), a finding mainly driven by a highly significant excess of deletions (OR ¼ 4.53, P ¼ 0.00013) although there was also a nominally significant excess of large duplications (OR ¼ 1.71, P ¼ 0.04). The association to the large deletion category was also significant after correction for the eight independent secondary tests (four size intervals for each of deletion and duplication; P ¼ 0.001).
As CNVs .1 Mb constitute the only group that is significantly enriched in schizophrenia in this study, a number of them could be pathogenic. We present their details in Table 2 . The genes within these intervals are listed in Table S1 , Supplementary Material.
Of the large deletions observed in cases, most of them were single observations making it difficult to draw conclusions concerning their involvement in pathogenesis, even if they were not seen in controls. However, two were observed twice in patients and not in controls, making them nominally significantly associated with schizophrenia (Fisher's exact test, P ¼ 0.02). The first one is the 22q11.2 deletion, which is already known to be associated with schizophrenia (2, 3, 4, 5, 16) . The second one is a deletion of 17p12 at 14.0-15.4 Mb. One of the probands with the 17p12 deletion was part of a multiply affected family, in which one parent and three siblings (including the proband) had schizophrenia and another sib had major depressive disorder. CNV analysis of all available family members (performed with Agilent arrays; see Materials and Methods) showed that the affected parent, and three of the four sibs with a major psychiatric disorder, also carried the deletion. The absence of the deletion in one schizophrenic member in this family is not compatible with the hypothesis that most risk in this family is attributable to a fairly highly penetrant CNV, as is the existence of a sibling of the unaffected parent with a possible diagnosis of schizophrenia.
Of the large duplications in Table 2 , only one was found in more than one patient. It is on 16p13.1, between 15.0 and 16.2 Mb, and was present in three cases and six controls. In addition, one control was deleted for this region, giving a combined burden of CNVs in this region of 0.6% in cases and 0.25% in controls, a non-significant trend (Fisher's exact test, P ¼ 0.17, OR ¼ 2.55). This region has been reported as a susceptibility factor for autism when duplicated (12) and for mental retardation when deleted (12, 17 Of the susceptibility CNVs reported in the recent large studies (4, 5) , two were found in both of these studies (at 1q21.1, between 144.9 and 146.3 Mb, and at 15q13.3, between 28.7 and 30.3 Mb), whereas one at 15q11.2 was reported only in the study of Stefansson et al. (5) and has not as yet been replicated. We find a non-significant trend for support for this locus, as it was deleted in 0.82% in cases and in 0.50% in controls in the current study (OR ¼ 1.7, n.s.). This finding is strengthened, as one of the cases had a sibling affected with schizophrenia, who was found (with Agilent P-values are one-sided on comparing the rate of CNVs in cases versus controls and are based on 10 000 permutations (or 1 000 000, for the significant ones, which are shown in bold).
1498 Human Molecular Genetics, 2009, Vol. 18, No. 8 arrays) to also have inherited this deletion from the unaffected mother. The region was filtered out in the ISC study (4) , as CNVs in this region (deletions and duplications) were found in .1% of the sample. We have now re-analysed the unfiltered ISC data. As there were a number of different-sized CNVs in this region, we limited the analysis to the region flanked by segmental duplications, which is also the region covered by genes, i.e. between 20.35 and 20.65 Mb (Fig. 1) , and selected only those deletions that intersected any part of this region. We identify a more than 2-fold excess of deletions in this locus in cases over controls in the ISC study: 26 versus 11, which is nominally significant on its own (P ¼ 0.03, OR ¼ 2). In the combined Cardiff and ISC studies, the rate of deletions affecting this locus is 0.78% versus 0.4%, in cases and controls, respectively (P ¼ 0.026). We found no deletions in cases in either of the other two implicated loci (1q21.1 or 15q13.3). However, we confirm the very low rate of deletions in both loci in our control population (Tables 2 and 3 ). Analysis of each of the three CNVs identified previously (4, 5) across all these three data sets (including the present one) revealed highly significant (P , 10
27
) evidence for association for all three loci (Table 3) . Thus, all three CNVs can be regarded as susceptibility factors for schizophrenia.
DISCUSSION
In this study, we confirm earlier observations of an increased rate of large CNVs in cases of schizophrenia. We find more than a 4-fold increase of deletions that are more than 1 Mb in size. Deletions, as a general class, have previously been reported to be in excess in schizophrenia (7, 8) , but so far the strongest evidence comes from the ISC study (4) which reported that deletions larger than 500 kb were 1.67 times more common in patients. Although this was not the most enriched category in our study, we nevertheless find an excess at the same threshold of .500 kb, with a 2.18-fold increase in cases. Unlike the larger ISC study (4), we do not find an overall increase for all CNVs combined or for duplications in the 100-200 kb range. This may reflect the reduced power of our study, because of a smaller sample size, or a reduced sensitivity to detect smaller CNVs with the Affymetrix 500K platform, compared with the Affymetrix 5.0 or 6.0 that were used in the ISC (4). Two of the large deletions are in the 22q11.2 region that causes VCFS/DiGeorge Syndrome when deleted and has been confirmed in multiple studies as a genuine susceptibility factor for psychosis and autism (2) (3) (4) (5) 16) . Another large deletion that was found in two schizophrenia cases but not in controls is on 17p12. The region affected by the 17p12 deletion, and the genes covered by it, are shown in Figure 2 . To confirm the provisional association with the 17p12 deletion, we examined the data from the two recent large CNV studies of schizophrenia (4, 5) , ensuring that samples that had been included in both studies were only used once in the analysis (the sample from Aberdeen was genotyped in both studies). The deletion was observed in 4 of 3391 cases and 1 of 3181 controls in the ISC study (4) and in 2 of 1438 cases and 5 of 33246 controls in the study by Stefansson et al. (5) . The combined evidence for association in these two independent studies is significant (Fisher's exact test, P ¼ 0.001), as it is in all three studies combined (P ¼ 5 Â 10
25
). Across all three studies, the 17p12 deletion is approximately 10 Table 3 . Results for the three candidate loci identified in the two previous large schizophrenia studies (4, 5) (19) . The neurological phenotypes are known to be caused by deletion and duplication of peripheral myelin protein 22 (PMP22) (18, 19) . This gene might also influence the psychiatric phenotype, because there is strong evidence for abnormal myelination in schizophrenia (20) . Reductions in PMP22 mRNA have been observed in post mortem brains of patients affected with schizophrenia (21) and major depression (22) . There is at least one other report on a patient with schizophrenia with this deletion without neurological symptoms (23) . In contrast, we are not aware of any reports of excess psychiatric morbidity in HNPP. However, such an association might have been obscured by the incomplete penetrance for both phenotypes. The prevalence of HNPP is reported in 1:6000 people, about the same as in the control populations analysed in the current studies. This association of schizophrenia with 17p12 deletions will need to be examined in other samples in order to confirm or refute it. Ethical constraints do not currently allow us to re-contact the schizophrenic patients with the deletion to undertake detailed neurological testing (no neurological disorder in any person of this family was recorded at the time of the recruitment).
We cannot speculate about the role of any of the remaining large deletions, as they were found only once in our patients (Table 2) . At least one other deletion is intriguing however, as it affects another good candidate gene, neurexophilin (NXPH2), which interacts with neurexins, of which NRXN1 is a member (see Table S1 , Supplementary Material). Deletions in NRXN1 have been shown to be associated with both autism (11, 24, 25) and schizophrenia (6, 7, 26) , especially if they disrupt exons (26) . In the current study, we found one deletion in NRXN1 in a case and three in controls, all disrupting exons: a 2-fold increased rate in cases (0.2% versus 0.1%), which is not significant (P ¼ 0.5).
Large duplications of .1 Mb were also significantly more common in our cases ( Table 1) . Two of them appear very good candidates: duplications at 16p13.1, and of the PWS/ AS critical region, as both CNVs have been implicated in the aetiology of autism. We reasoned previously (6) that schizophrenia has certain features that suggest a partially overlapping aetiology with autism. These include a tendency to show delayed development (27) , cognitive deficits present even before the onset of illness (28) , mean premorbid IQ scores approximately one-half of a standard deviation below that of healthy controls (29) , language and communication problems and a higher rate of minor physical anomalies (30) . An overlapping aetiology has already been shown for patients with 22q11.2 deletion syndrome, who have increased rates of autism and schizophrenia (31) . An overlapping aetiology between schizophrenia and autism is also emerging for carriers of deletions in NRXN1 as pointed out above and for the deletion at 1q21.2 (4, 5, 32) .
Duplications of 16p13.1, at 14.9 -16.4 Mb, were reported by Ullmann et al. (12) in four autistic patients from three families, out of 182 autistic individuals, and the deletion of the same interval was present in three mentally retarded patients. This region was not reported in the other recent studies on autism. Another study identified the duplication in five cases out of 1027 patients who had mental retardation or multiple congenital anomalies (0.49%) but also in five out of 1682 normal controls (0.29%) (17) . That study found the same reciprocal deletion in five cases (0.49%) but in no controls. The presence of the duplication in several normal controls in this, and in our study, makes its pathogenic role less certain than that of the deletion, however all these studies find the duplication at very similar rates, and at approximately 2-fold increased rate in patients with autism, mental retardation or schizophrenia. This finding receives support in the ISC study (4) where there are 13 cases with a duplication and 3 with a deletion (a total of 0.47%) and 7 duplications and 1 deletion in controls (a total of 0.24%), a very similar, 2-fold increased rate in cases (Fisher's exact test, P ¼ 0.1). The region contains an excellent candidate gene, NDE1, which interacts with DISC1, a leading candidate gene for schizophrenia (33) .
The second intriguing duplication, which involves the PWS/AS critical region, has been implicated in autism and developmental delay in multiple publications. It is regarded as the most prevalent cytogenetic abnormality found in autism (10, 13) .
Finally, we also provide new data and a re-analysis of previous data that convincingly implicates as a schizophrenia risk factor a CNV at 15q11.2 which was previously implicated by Stefansson et al. (5) .
In summary, our work confirms the association with large CNVs with schizophrenia and adds several specific novel loci to the growing list of CNVs that are emerging as susceptibility factors for schizophrenia. These associations should be replicated in future studies, but the evidence that a number of CNVs increase susceptibility to this disorder is getting stronger.
MATERIALS AND METHODS

Subjects
We selected 520 unrelated patients suffering from schizophrenia or schizoaffective disorder recruited in the UK. Of those, 471 survived filtering and were used for analysis of CNVs (447 schizophrenia and 24 schizoaffective of which 315 were males and 156 were females). Diagnoses were made according to DSM-IV criteria, following assessment by a psychiatrist using the Schedules for Clinical Assessment in Neuropsychiatry (34) and hospital notes. All patients received information and signed a consent form for participation in genetic studies. Ethics committee approval was obtained from all regions where patients were recruited. Controls were the same 2998 subjects used in the WTCCC study (14) : 1498 volunteers from the National Blood Service and 1500 individuals born in the UK during 1 week in 1958, described in more detail in the Supplementary Material to that paper. Of those, 2792 survived filtering and were used for the analysis of CNVs (1384 males and 1408 females).
Microarray analysis
The DNA samples were hybridized on Affymetrix GeneChipw Human Mapping 250K NspI and StyI arrays at the Affymetrix Service Laboratory, San Francisco, USA. All samples were typed during the same pipeline as the samples used in the WTCCC study (14) , which provided the data on the controls. For establishment of copy number state, we used the Genotyping Console v2.1 software (http://www.affymetrix.com). We used the recommended parameters of the software to exclude samples not passing the initial quality control (QC) threshold: QC call rate,0.93. For reference sets, we used arrays produced with the same batches of hybridizations, as we noticed that using the same reference set for all samples would produce poor-quality results.
To minimize the false-positive rate for calling CNVs, we employed very stringent selection criteria. We identified a CNV on one array only where it was .100 kb and contained !10 probes (the default of the software is five probes). The quality of arrays for copy number analysis was measured with the IQR. Arrays above the default IQR . 0.40 were excluded. Samples with an IQR . 0.40 on either array produced, with almost no exception, .20 CNVs (or even .100 CNVs when IQR was .0.50), indicating that samples with .20 CNVs were very likely false-positive findings. Therefore, we also excluded any sample that had .20 CNVs on either array, even if it had an IQR , 0.40. The filtering process led to the exclusion of 49 cases and 206 controls. We required every CNV to be identified independently by both arrays, with .100 kb of its length overlapping between the two arrays. Matching of the two arrays according to these criteria was achieved with the use of an in-house written software (available upon request). We also removed CNVs that were outliers on low SNP density, using a cut-off of ,3 SNPs/ 100 kb as they usually overlapped with large segmental duplications and were clear artefacts.
Validation
Validation was performed with Agilent Human Genome CGH 4Â44K microarrays using the manufacturer's protocols (http:// www.chem.agilent.com). This array has over 43 000 probes covering the genome at 43 kb overall median probe spatial resolution. We validated the presence of CNVs in cases for all 13 deletions .1 Mb listed in Table 2 (as they provided the most significant results in the study), as well as all CNVs in cases that are individually discussed in the paper (e.g. 15q11.2, 17p12, 16p13.1). Each CNV was confirmed, reflecting the very stringent inclusion criteria employed. Additional family members, where available, were also tested for these loci.
Association analysis
Association analysis was performed using PLINK v1.03 (15) , available from http://pngu.mgh.harvard.edu/purcell/plink/. We filtered out CNVs with a frequency .1% in the sample, while also removing any CNV that had .50% of its length spanning a region with more than 33 CNVs in the total sample (1%), in a manner similar to that employed in the ISC study (4) . To estimate the significance of any difference in the rate of CNVs between cases and controls (Table 1) , we used PLINK to produce a permutation P-value. To estimate the significance of the increased rate of very rare specific CNVs, we used Fisher's exact test.
All coordinates in this paper are according to the March 2006 human reference sequence (NCBI Build 36, hg18).
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